Abstract
Introduction
One of the most significant challenges in block cave mining is the unknown condition of abutment loading in the rock mass. This has a material impact upon safety and production. Movement along structures and rock deformations affect abutment stress distribution conditions (Han et al. 2014) . Therefore, it is relevant to track rock mass deformation in the early stages of potential failures in order to mitigate ground movement hazards, which benefits both safety and production. For this purpose, the high-stress areas have to be identified and destressed. Direct measurement of underground stress in abutment rock is not easily achieved, particularly at full scale, in mining (Hoek et al. 2000) . Petr et al. (2016) applied strain gauge probes as a reliable tool to measure in situ stress of rock mass. The applicability of such methods for the discrete measurement of stress changes in the rock mass has limitations with respect to the ability to process the information in real time, as well as the number of instruments that can practically be installed in a given region. External factors, such as regular drilling and blasting, might apply excessive energy to unknown underground discontinuities, which may not have been interpreted and mapped as a result of exploration or pilot drilling.
Passive seismic tomography allows for the indirect measurement of underground stress in abutments. This proactive approach to ground control hinges upon indirectly determining the seismic velocity changes in the rock mass, which is directly correlated to the stress. Stress redistribution can be visualised by applying seismic velocity tomography on a temporal scale.
This study proposes that the zones identified with high velocity in the abutment in situ rock mass and the fractured rock above the caved area in a block cave mine represent the areas with the most concentration of the induced stress. For this purpose, the seismic velocity tomograms are compared with the numerical analysis of stress.
Computed tomography
Computed or computerised tomography (CT) uses computer-processed calculations to model an object via cross-sectional images from different angles which are generated by any wave which can penetrate the object and be measured (Herman 2009 ). The penetrating wave can be an X-ray, an electrical wave, an acoustic wave or even a seismic wave. For example, CT scan machines used in medical imaging use X-rays to penetrate the human body. The inside of the solid body, which the wave passes through, can be modelled using tomography. In this method, the wave velocity through a homogeneous material is considered constant. Knowing the travel time of the wave can allow us to determine the origin of the wave. Wave attenuation for specific materials can also be characterised. Therefore, any changes in the wave travel time are due to changes in structures or material inside the body. However, the solution is not unique spatially due to a limited number of received waves used in the chosen tomography method. Any known source and velocity of the wave through the body are essentially valid for calculations.
Seismic velocity refers to the velocity of the body waves in the rock mass. Body waves include P-waves and S-waves, which propagate inside the solid rock in compression and shear respectively. The P-waves travel faster and are received first after the occurrence of a seismic event. Seismic tomography is based on the travel time of these waves inside the rock mass. The travel time of a seismic wave through the rock mass gives an average of the wave speed (also known as the apparent velocity) along the wave's ray path, which is the path that seismic wave travels from the source to the receiver.
In this method, a homogeneous initial model of constant P-wave velocity is considered to determine the dominant velocity of the rock mass as the medium (Westman 2004) . The source of P-wave propagation, which is termed the seismic event, can be a micro-scale crack in the rock mass with the local magnitude of less than 3. The origin location and time of the seismic events are considered as the source parameters. Therefore, the source and medium parameters will be determined based on the best-fitted P-wave arrival time in the least squares solution.
Seismic tomography
The most common seismic tomography methods are transmission tomography, diffraction tomography, attenuation tomography, travel time tomography and double-difference (DD) tomography. These methods are used according to whether time travel data or waveform data are utilised (Kerr 2011 ).
Transmission tomography is based on the inversion of travel times of P-waves. Diffraction tomography is the inversion of the reflected wave, which is scattered by the targeted object, in order to remodel the cause of scattering. Diffraction tomography can have the same resolution as transmission tomography with less coverage of sources and receivers (Peterson et al. 1989 ).
Attenuation tomography is based on the seismic amplitude and was developed for X-ray application in the medical field. It requires the waveform data in addition to the simple arrival time (Bauer et al. 2005) . In seismic tomography, this method is less practical as it is highly affected by numerous unmeasurable properties of rock, such as the viscosity of interior layers (Watanabe & Sassa 1996) .
Time travel tomography has the most application in seismic velocity modelling (Farzampour & Kamali-Asl 2015; Fehler & Rutledge 1995) . In this method the area of interest is divided into blocks. The best prediction of the velocity of each block is calculated based on ray path shortest travel time and damped least squares solutions. The residual of the predicted and observed travel times should be smaller than a defined error to stop the iteration of the process (Schuster 1998; Watanabe & Sassa 1996) . This method can be applied in both passive and active tomography. Different inversions of this method might apply hyperbolic or parabolic regressions based on its specific application (Fehler & Rutledge 1995) .
To calculate the travel time of waves, the quantitative concept of slowness is defined. Slowness is the inverse of the velocity of the wave and is the result of the different layers of the earth. As in Equation 1, the time travel is the integral of each block's slowness (1/velocity) along the ray path (Stein & Wysession 2009) .
where: S = the slowness based on source (s) and receiver (r). v = the velocity of each block. x = the block number.
Double-difference tomography is a relatively new variation of time travel tomography. This mathematical method was first introduced by Zhang and Thurber (2003) for near-source seismicity and was developed to be applied in hard rock underground mining by several studies, such as Kerr (2011) and Ma (2014).
Passive seismic tomography algorithm
In passive seismic tomography, based on the travel time, the inversion of the velocities of received waves is applied to estimate the velocity of different nodes in the rock mass. Several iterations are required to determine the most accurate estimation of the travel times. The rock mass volume is divided into smaller volumes named voxels (Brzostowski & McMechan 1991) . Each received seismic wave passing through different voxels is known as a ray (Molka 2017) .
The tomography algorithm is based on the linear equation of Ax = b in which b is the travel time residual and x is its received image or slowness perturbation in travel time tomography. A is the forward projection matrix including the distance travelled by each ray (Rawlinson et al. 2014) . The travel time residual b is the time difference between observation and measurement.
There are several methods to solve this equation for the velocity of each voxel, such as Gauss-Newton, algebraic reconstruction technique (ART), partially discrete iterative reconstruction technique (PDART), and simultaneous iterative reconstruction technique (SIRT) (Molka 2017 ).
The SIRT algorithm suggests the tomography solution with the inverse of the summation of rows and columns of the matrix A, which represents the projection source characteristics. A T is the transposed matrix which back-projects the image and defines which voxels are exposed to a single ray as shown in Equation 2 (Roelandts 2014 ):
where C and R are diagonal matrixes of inverse summations as = 1/ ∑ and = 1/ ∑ , and t is the iteration number. The iterations start where x (0) is equal to zero. The optimum number of iterations can be defined based on the elbow of the time residual and the number of iterations graph.
Passive seismic tomography application in mining
Early studies of microseismicity in the geotechnical field go back to 1939 for hard rock mines. It gradually found its way into coal and salt mining during the 1950s (Reginald Hardy 2003). Since 1993, transducers were mounted in underground and then surface mining to determine the failure and rockburst hazards (Drnevich & Gray 1981) . Since the 1980s, seismic monitoring systems have been used in underground mining with different mining methods such as cut-and-fill, block caving and sublevel caving to control rockburst (Trifu & Sourineni 2009 ). Seismic attenuation tomography was introduced as a tool for in situ rock mass characteristics in 1996 (Watanabe & Sassa 1996) , and acoustic transmission tomography was used to map the underground rock walls in an underground power plant (Song et al. 1998) . Seismic monitoring also has been used for environmental assessments, ore deposits, locating fractures in rock formations and determining body wave velocities and stress in the rock samples (Xu et al. 2000) .
Several underground hard rock mines, such as block cave mines (Westman et al. 2012 ) and cut-and-fill mines (Ma 2014) , have used the microseismic system to record the seismicity of the mine and conduct passive seismic tomography examining stress redistribution associated with major seismic events. Rock performance analysis, however, is not very straightforward using the recorded seismicity as there are several considerations in the system installation. The area subjected to passive tomography should have a sufficient number of sensors so that there is thorough ray path coverage for each voxel (Westman 2004) . The orientation of the rays is also important to reconstruct a high-resolution velocity model. The smearing of the tomogram can also influence the accuracy of the velocity model when the majority of large events are close to each other and at some distance away from the sensors (Molka 2017) .
Moreover, the background noise should be less than the incoming P-wave amplitude. Therefore, the sensors are recommended to be mounted not very close to the operation level. Additionally, sensor locations have to be stable and not damaged by blasting or other mining activities.
Methods and procedure
In this study, a hypothetical block cave mine is considered in a homogeneous rock mass with no tensile strength and cohesion of 5 MPa. The horizontal stress of the model is considered zero. A section of the mine including nine drawpoints is designed with an overburden depth of 730 m. Figure 1 shows the dimensions of this section. The caved zone above this section has a maximum height of 325 m.
Figure 1 Dimensions of the designed section with nine drawpoints
This section is simulated by the linear elastic boundary elements method to model the induced stress. The induced stress at each node is considered as the cumulation of the three principal stresses. The average stress of the model is calculated, and based on its variations, the velocity model is generated. The caved zone is considered as the void in this model. High-stress zones are the areas with stress greater than the average stress. A total of 430 seismic events were generated in these high-stress areas randomly. Moreover, 32 seismic receivers were placed in the rock mass around the caved zone. Figure 2 shows the location of these sensors around the mining section.
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Figure 2 Sensor locations. (a) Side view; and, (b) Front view
In order to determine the effect that a varying number of ray paths has on the calculated results, three different datasets are analysed. The three datasets had 1,000, 5,000 and 20,000 synthetic ray paths. The expectation is that better images would be calculated with more ray paths. Figure 3 illustrates the event associated with these different datasets. As shown, ray path results of 20,000 (Figure 3(c) ) involve more events. The fast marching method was used to simulate ray paths that refract toward high-velocity zones and around low-velocity zones. Based on the calculated travel times, the seismic velocity of the rock mass is measured through the SIRT algorithm and high-velocity and low-velocity zones are generated. 
Results and discussion
The numerical model of the induced stress for our block cave section shows high-stress areas above the cave zone and in the abutment zones. As the result of this numerical analysis, the average stress of this section is 90 MPa with a standard deviation of 5.6, which is 6% of the average stress. High-stress zones are areas with an isostress level of equal to or more than 93 MPa (Figure 4) . The average velocity is considered as 6,000 m/s to form the velocity model with a standard deviation of 6% of the average velocity. Therefore, the first quartile of the velocity distribution is 5,975 m/s.
(a) (b) The stress distribution at a vertical cross-section passing through the midpoint of the block cave is numerically modelled and shown in Figure 5 Results of the tomography calculations show a velocity distribution that is similar to the modelled stress. The low-velocity cave is seen in each of the three results. Figure 6 demonstrates the effect of the number of ray paths in calculated velocity. As expected, the results using the most ray paths (Figure 6 (c)) most closely agree with the expected results. On the other hand, the results using the fewest ray paths (Figure 6(a) ) are somewhat smeared due to the lack of ray paths. Additionally, with fewer ray paths, the low-velocity zone is not imaged as accurately, as there are fewer ray paths associated with it.
(a) (b) (c) 
Conclusion
Passive seismic tomography enables the indirect measurement of induced stresses in the rock mass. In the context of a block cave mine, this information may assist with operational controls to safely extract the ore. The technique can assist mine operators to identify zones with high seismic velocity in the cave abutment, as well as the fractured rock above the caved area. The high seismic velocity zones in the mine represent the areas with the highest concentration of induced stress. This study investigates seismic tomography as a remote tool to image the interior of a rock mass, which can measure seismic velocity changes in the rock mass as representative of the induced stress. As a result, high-stress zones in a numerical model of a block cave mine are in agreement with the high-velocity zones measured through the synthetic ray paths. Based on the results of this study, the seismic tomography using SIRT algorithm has a high potential to monitor induced stress distribution in block cave mines.
